Introduction
Stomata open in response to various environmental signals and they regulate the exchange of CO 2 and H 2 O between plants and the atmosphere via stomatal pores. Light is the most important cue in the promotion of stomatal opening, and stomatal responses to light have been characterized in a large number of seed plants to date (Willmer and Fricker 1996) . In intact leaves, the stomata open in the presence of strong red light, a reaction elicited by a decrease in the intercellular CO 2 concentration (C i ) resulting from photosynthetic CO 2 fixation by mesophyll chloroplasts (Mott 1988 , Assmann 1999 , Roelfsema et al. 2002 , Roelfsema and Hedrich 2005 , Vavasseur and Raghavendra 2005 , or by guard cell chloroplast activity (Zeiger et al. 2002) . Such stomatal responses are initiated via the absorption of light by chlorophylls in the thylakoid membranes, and reactions are driven by light energy collected through these photosynthetic pigments.
Stomata are also known to open in response to blue light, which acts as a signal; in such cases, opening is initiated by the perception of light by phototropins (Kinoshita et al. 2001, Briggs and Christie 2002) . Phototropins, which are blue light receptor protein kinases, are widely distributed throughout the plant kingdom, including seed plants, ferns, mosses and green algae. Phototropins were established to regulate divergent blue light responses such as phototropism, chloroplast movement, stomatal opening, hypocotyl growth inhibition and leaf expansion in a model plant, Arabidopsis thaliana (Huala et al. 1997 , Jarillo et al. 2001 , Kinoshita et al. 2001 , Folta and Spalding 2001 , Sakamoto and Briggs 2002 . Leaf movement in the kidney bean (Inoue et al. 2005 ) and regulation of the sexual life cycle in the green algae Chlamidomonas reinhardtii (Huang and Beck 2003) are also known to be mediated by phototropins.
Blue light activates the plasma membrane H + -ATPase via phototropins and creates an intracellular negative electrical potential across the membrane in guard cells Shimazaki 1999, Kinoshita et al. 2001 ). The electrical potential difference drives K + uptake through the voltage-gated, inward-rectifying K + channels, and the accumulated positive charges are compensated for primarily by the synthesis of malate in guard cells. The accumulated K + salt decreases the water potential and then induces water uptake, finally resulting in the opening of the stomata (Assmann and Shimazaki 1999 , Schroeder et al. 2001 , Roelfsema and Hedrich 2005 . Such stomatal blue light responses are commonly observed in a large number of seed plants.
Despite the presence of stomata in ferns and their importance in the terrestrial ecosystem, in which >10,000 living fern species are known to exist, the means by which stomata open in response to light remains largely unknown. In contrast to seed plants, most ferns grow in shade beneath a canopy, where the ambient light is weaker than that at the canopy. Adaptive responses to such low levels of light have been reported previously in the literature, e.g. the extreme light-sensitive response exhibited by the phototropic bending of the fern Adiantum (Kawai et al. 2003) , which belongs among the Leptosporangiopsida newly diversified in the shadow of angiosperms (Schneider et al. 2004) . In ferns including Adiantum, the stomata are generally found only on the bottom side of the leaves, and their guard cells contain densely arranged chloroplasts. It is therefore conceivable that in ferns, stomatal responses to light differ from those of most seed plants.
In this study, we revealed that the stomata of the fern Adiantum did not exhibit a blue light-specific response, but the stomata of this species did open in response to red light. These properties are shared in common among other species of Leptosporangiopsida, including Pteris cretica, Asplenium scolopendrium and Nephrolepis auriculata. . 1 shows the photosynthetic CO 2 fixation, intercellular CO 2 concentration (C i ) and stomatal conductance of an Adiantum leaf upon light irradiation. When photosynthetically saturated red light (600 µmol m -2 s -1 ) was applied to the upper surface of a dark-adapted Adiantum leaf that had been kept in the dark overnight, photosynthetic CO 2 fixation increased rapidly and reached a steady rate (2 µmol CO 2 m -2 s -1 ) within 5-6 min . In accord with this photosynthetic activity, C i decreased rapidly and dropped to a low level within the same time range (i.e. 5-6 min). However, stomatal conductance increased gradually in response to red light and reached a maximum 15 min after the onset of red light; the half-time required for maximum conductance was 5 min. The stomatal response to red light in Adiantum was faster than that of Arabidopsis under exposure to red light at 600 µmol m -2 s -1 (Doi et al. 2004 ). Prolonged exposure to red light caused a gradual decrease in conductance, whereas photosynthetic CO 2 uptake and the C i remained constant. After conductance approached stable levels with exposure of leaves to red light, blue light was superimposed separately at 5 and 50 µmol m -2 s -1 onto the red light for 15 min according to the dual beam protocol, which renders it possible to distinguish between blue light-specific stomatal responses and combined light responses (Ogawa et al. 1978 , Iino et al. 1985 . Increases in either stomatal conductance or the rate of photosynthetic CO 2 fixation were not observed in the Adiantum leaf when blue light was superimposed onto the red light (Fig. 1) . No changes were observed with irradiation of the leaves with red light instead of blue light (data not shown). These results demonstrated that Adiantum stomata open in response to red light, but they do not exhibit a blue lightspecific opening response.
Results

Fig
When a dark-adapted Adiantum leaf was irradiated with blue light, the stomata opened, and this response was thought to be primarily carried out by chlorophylls (data not shown). This latter response was therefore not specific to blue light.
Next, we observed blue light-specific stomatal responses using fern epidermal strips and by carrying out microscopic measurements of the aperture. We prepared epidermal strips by subjecting the Adiantum leaves to blending instead of peeling. In the isolated epidermis, we tested the viability of guard cells by fluorescein diacetate staining, and the viability was observed to be 30%. This viability value was much lower than that of Arabidopsis, most probably due to damage to guard cells during the blending procedure. However, since the isolated epidermis contained no significant mesophyll cells, we were able to measure stomatal responses to light without considering the contribution of mesophyll chloroplast photosynthesis. The stomata had already opened slightly, even in the epidermis prepared from dark-adapted Adiantum leaves. This result was partly due to the disruption of the epidermal cells during preparation, which often results in stomatal opening because of turgor loss in the epidermal cells surrounding guard cells ( Fig. 2A) . The application of red light to the epidermal strips floating in a Petri dish increased the stomatal apertures by 30% (Fig. 2B) . However, no effect was observed when blue light was superimposed simultaneously onto the red light (Fig.  2D ). The absence of blue light-specific stomatal opening was confirmed in the Adiantum epidermis.
Adiantum stomata underwent red light-induced opening, but they did not exhibit any blue light-specific opening. In seed plants, plasma membrane H + -ATPase and phototropins are present in the guard cells, and both of these proteins are involved in blue light-specific stomatal opening in Arabidopsis and many other plant species (Willmer and Fricker 1996, Kinoshita et al. 2001) . Therefore, a lack of blue light-specific stomatal movement could be attributed to the absence and/or impairment of these proteins. We thus investigated the functional significance of H + -ATPase as well as that of phototropin in Adiantum. Here, we tested the effects of fusicoccin, an activator of H + -ATPase, on stomatal movement in the Adiantum epidermis (Fig. 2 ). This treatment resulted in more than a doubling of the opening of the stomatal apertures, as compared with that induced by red light irradiation (Fig. 2C, D) . Fusicoccin treatment is known to induce H + release, which might have been ; FC, treated with 10 µM fusicoccin in the dark. Each treatment was carried out for 2 h, and then the size of the stomatal apertures was determined by microscopic examination. Values are the means ± SE. The apertures of 60-70 stomata were inspected in each experiment. Fig. 3 Release of H + from Adiantum epidermis and the plasma membrane H + -ATPase in the epidermis. Epidermal strips of Adiantum released H + into the medium following treatment with light or fusicoccin (A). Isolated epidermal strips were irradiated with red light at 600 µmol m -2 s -1 for 30 min, and then they were exposed for 10 min to superimposed blue light (BL) at 5 µmol m -2 s -1 , as indicated by the first downward-pointing arrow. Fusicoccin (FC) at 20 µM was added to the samples, as indicated by the second arrow. The amount of H + was calibrated by the addition of 10 nmol HCl to the medium. Immunological detection of H + -ATPase and binding assay of a 14-3-3 protein to the H + -ATPase (B). The microsomal fractions were prepared from epidermal strips of Adiantum leaves and etiolated seedlings of Arabidopsis. A 50 µg aliquot of microsomal proteins was separated by SDS-PAGE. (Western) The H + -ATPase was identified by immunoblot analysis using the polyclonal antibodies. The antibodies were raised against the autoinhibitory domain of the H + -ATPase of Vicia faba. (Far Western) Protein-blot analysis was carried out using a GST-14-3-3 fusion protein as a probe, and GST-14-3-3 protein was visualized by antibodies against GST. Adi, Adiantum; Ara, Arabidopsis.
mediated by the H + -ATPase in the epidermal strips (Fig. 3A) . These results strongly suggest the functional participation of H + -ATPase in the stomatal movement exhibited by Adiantum. Using an immunological approach, we demonstrated that the plasma membrane H + -ATPase was present in the Adiantum epidermis (Fig. 3B) . The antibodies raised against the autoinhibitory domain of the H + -ATPase from Vicia faba were found to recognize the protein, which had a molecular mass of 100 kDa, in the extract from the Adiantum epidermis. The antibodies also recognized the H + -ATPase in the microsomal membranes from Arabidopsis seedlings, which were used as a control. Furthermore, we demonstrated that a 14-3-3 protein was bound to these two proteins, which indicated the presence of the plasma membrane H + -ATPase in the phosphorylated state (Fig. 3B) . In agreement with the lack of a blue light-induced effect on Adiantum stomata, blue light superimposed onto red light did not induce H + release in the epidermis (Fig. 3A) . This finding is in sharp contrast to results obtained using epidermal peels of Arabidopsis (Kinoshita et al. 2001 ). The present results suggest that the plasma membrane H + -ATPase is able to induce stomatal opening in the guard cells of Adiantum, whereas it does not function in response to blue light. It should be noted that red light did induce stomatal opening in the leaves and epidermis of Adiantum (Fig. 1, 2) , but that H + release in the epidermis was not detected under exposure of the leaves to red light (data not shown). This finding most probably resulted from a masking of H + release due to the alkalinization by CO 2 uptake via photosynthesis (Shimazaki and Zeiger 1985) and/or was the result of the high buffering capacity of the cell wall in the Adiantum guard cells.
Two genes encoding phototropins, namely AcPHOT1 and AcPHOT2, have been identified in Adiantum (Nozue et al. 2000 , Kagawa et al. 2004 . Since functional H + -ATPase is present in the guard cells of Adiantum, the lack of a stomatal blue light response might reflect the possibility that Acphot1 and Acphot2 neither functioned nor were expressed as blue light receptors in the guard cells; however, it is also possible to attribute the results to the lack of a signaling system from Acphots to the H + -ATPase. Here, we examined whether or not Acphot was capable of serving as a photoreceptor by the transformation of an Arabidopsis phot1 phot2 double mutant, which lacked the ability to undergo stomatal opening in response to blue light (Doi et al. 2004) , with AcPHOT1 and AcPHOT2. We obtained six lines of transformants with AcPHOT1, but did not obtain the transformant with AcPHOT2. As shown in Fig. 4A , the two transformants exhibited restored stomatal opening in response to weak blue light superimposed onto red light, which suggested that AcPHOT1 possesses the capability to induce the transduction of a light signal into the activation of the plasma membrane H + -ATPase in Arabidopsis guard cells. Exposure to such a weak light was not found to exert any effect on photosynthesis. The expression of the Acphot1 gene was confirmed by reverse transcription-PCR (RT-PCR) in these two trans- genic Arabidopsis plants (Fig. 4B) . We prepared RNA from epidermal strips of pinnas, in which guard cells were the only living cells and no mesophyll cells were present (Kopka et al. 1997) . RT-PCR analysis revealed that both AcPHOT1 and AcPHOT2 were expressed in guard cells (Fig. 4C) .
Since the stomata in Adiantum responded to red light, it is possible that phy3 is responsible for this response. phy3, a chimeric protein of phytochrome and phototropin, is known to absorb both red and blue light (Nozue et al. 1998) . To test this possibility, we used a phy3 mutant of Adiantum. Stomata in the Adiantum mutant exhibited the same ability to open under exposure to red light as wild-type plants, which suggested that phy3 is not involved in the response of stomata (Fig. 5) .
Finally, we examined stomatal light responses in three fern species of Leptosporangiopsida, i.e. P. cretica, A. scolopendrium and N. auriculata. All of these ferns clearly exhibited red light-induced stomatal opening; moreover, these opening responses all exhibited a biphasic time course, and no stomatal response specific to blue light was observed in any of these ferns (Fig. 6 ).
Discussion
In this study, we investigated the responses of stomata in the fern A. capillus-veneris to light, and we found that although the stomata opened with exposure to red light, there was no blue light-specific response (Fig. 1) . The lack of stomatal movement specific to blue light was demonstrated by using a gas exchange method to examine the responses in intact Adiantum leaves, and by direct measurement of the stomatal aperture in the epidermis. Since stomata in Adiantum open widely with exposure to red light, further stimulation with blue light would not be expected to induce further opening. However, this inter- pretation of the present results is not considered plausible, as stimulation with blue light was not found to increase opening, even when stomatal conductance was induced to decline significantly from the maximum (Fig. 1) . The lack of a blue light response observed in this fern has also been observed in the leaves of other species of Leptosporangiopsida, i.e. P. cretica, A. scolopendrium and N. auriculata (Fig. 6) . Therefore, the absence of blue light-specific stomatal movement might be a common feature among Leptosporangiopsida.
According to the mechanisms regulating the stomatal blue light response in seed plants, the lack of a stomatal blue light response in Adiantum can most probably be attributed to lesions in the system regulating the perception of blue light, problems with the signaling system and/or lesions in the plasma membrane H + -ATPase. To investigate these possibilities, we examined the functional significance of phototropin and the plasma membrane H + -ATPase in Adiantum. We then investigated the functions of Acphot1 and Acphot2 by transforming the photoreceptor into a phot1 phot2 double mutant, and found that Acphot1 served as a blue light receptor in Arabidopsis guard cells. We also revealed the presence of the functional plasma membrane H + -ATPase, a protein known to mediate stomatal opening and H + extrusion in Adiantum guard cells in response to fusicoccin. Immunological examination further indicated the presence of plasma membrane H + -ATPase in Adiantum guard cells. Furthermore, the present findings indicated that both AcPHOT1 and AcPHOT2 are expressed in guard cells. Based on these results, we concluded that Adiantum possesses both the functional blue light receptor, Acphot1, and the plasma membrane H + -ATPase in its guard cells, but that no blue light signal is transduced into activation of the H + -ATPase.
In seed plant guard cells, the perception of blue light by phototropin is transduced into activation of the plasma membrane H + -ATPase via a signaling system between the two proteins. Phototropins interact with the signal protein or phosphorylate the substrate and subsequently transmit the light signal to the H + -ATPase. The present results indicated that the fern Acphot1 plays the same role as that of endogenous Arabidopsis phototropins. Essentially the same results were obtained previously when Crphot, a phototropin of green algae in which Crphot acts as a regulator of the sexual cycle in response to blue light, was transformed into a phot1 phot2 double mutant (Onodera et al. 2005) .
The reasons for the lack of a phototropin-mediated stomatal response in ferns remain unclear, because they possess both functional phototropin and the plasma membrane H + -ATPase. It is likely that this type of fern did not evolve to produce an intracellular environment that could have rendered it possible to transmit the light signal to the H + -ATPase in guard cells. Phototropins are found in moss Physcomitrella, fern Adiantum and higher plant Arabidopsis; in all of these types of plant, phototropins mediate chloroplast movement responses. Although functional stomata are found at higher evolutionary levels of the Division of Pteridophyta (Willmer and Fricker 1996) , including ferns and seed plants, they are not found in mosses. The evolution of functional stomata appears to be a more recent event than that of phototropin and chloroplast movement responses, which suggests that in ferns, no functional system evolved to utilize phototropin signaling pathways for stomatal opening.
In contrast to the absence of a blue light-specific stomatal response, a red light-specific stomatal response was observed in Adiantum. Since an Adiantum phy3 mutant, as well as the wild-type plant, exhibits stomatal opening in response to red light, chlorophyll is expected to function as a light receptor in these cases. Therefore, red light-induced stomatal opening could be explained by the reduction in C i brought about by mesophyll photosynthesis and/or by guard cell chloroplast activity. In accord with the former interpretation, the reduction in C i appeared to occur prior to the stomatal opening response (Fig. 1) . However, stomata in the epidermal peels also opened in response to red light, a response which might have been mediated by guard cell chloroplasts. In this context, it will be important to clarify in future studies the mechanisms by which red light induces stomatal opening in Adiantum, a typical Leptosporangiopsida species.
Materials and Methods
Plant materials and growth conditions
All ferns including Adiantum wild-type and phy3 mutant plants were grown in a growth room under a white fluorescent lamp (30 µmol m -2 s -1 ) on a 12/12 h light/dark cycle at 24°C. Pteris cretica and A. scolopendrium were purchased from a local market. Nephrolepis auriculata, grown in the Ropponmatsu campus of Kyushu University, was transplanted.
Gas exchange measurements
Gas exchange was measured using an open path gas exchange system (LI-6400, LI-COR Inc., Lincoln, NE, USA) equipped with a gas-tight Arabidopsis chamber (LI-COR Inc.), as previously described (Doi et al. 2004 ). The gas exchange cuvette was maintained at 24°C and 350 µl liter -1 CO 2 in the reference stream. The red light was provided by a tungsten lamp (MHF-G150LR, Moritex, Tokyo, Japan), with passage of the light through a red cut-off filter (Corning 2-61, Corning, MA, USA). Blue light was provided by a metal halide lamp (LS-M250, Moritex), with passage of the light through a blue filter (Corning 5-60). Photon fluence rates were measured using a LI-2500 light meter equipped with an LI190SA quantum sensor (LI-COR Inc.).
Transformation of Arabidopsis thaliana
The cDNA of the full-length A. capillus-veneris L. PHOT1 (AcPHOT1) gene was amplified by PCR and was subcloned into a pPZP211 vector. Agrobacterium strain C58 was transformed with the pPZP211cDNA construct. The Arabidopsis phot1 phot2 double mutant was transformed using Agrobacterium tumefaciens strain C58 according to the floral dip method (Clough and Bent 1998) . Transgenic CaM35S-PHOT1 plants were obtained on kanamycin-containing medium. The expression of AcPHOT1 was confirmed by RT-PCR using the transgenic plants. The gene-specific primers 5′-ccagacaaccctattatttttgca-3′ and 5′-gatgtattcctctgttccaacaaa-3′ were used for the RT-PCR analysis.
Preparation of epidermal strips and determination of stomatal aperture Adiantum plants were placed in the dark for 16 h before the preparation of epidermal strips in order to induce stomatal closing. Ten to 15 leaves were blended three times in cold water using a Waring blender for 30 s at full speed. The blender contents were filtered through a 200 µm nylon mesh, and the samples were washed with 5 mM MES, 50 mM KCl and 0.1 mM CaCl 2 (pH 6.5). The resultant epidermal strips were floated in the same solution in Petri dishes, and kept in the dark for 1 h. After 2 h incubation under different light conditions, 1% (w/v) fluorescein diacetate in acetone was added to the samples at a concentration of 0.1 µg ml -1 in order to determine the viability of the guard cells. The blending of the leaves resulted in a drastic decrease in the viability of the Adiantum guard cells. Micrographs of >60 viable stomata were obtained using a Nikon fluorescence microscope equipped with a CCD camera. The stomatal aperture was defined as the width/length ratio of the stomatal pores. H + release from the epidermal strips was determined by measuring the pH decrease in the medium (Shimazaki et al. 1986 , Kinoshita et al. 2001 . The reaction mixture contained 0.25 mM MES (pH 6.5), 50 mM KCl, 1 mM CaCl 2 and 0.35 M mannitol, and the epidermal strips were prepared from fully expanded leaves.
Microsomal membrane preparation, and immunoblot and protein-blot analyses
Microsomal membrane preparation, and immunoblot and proteinblot analyses were carried out as described previously (Kinoshita et al. 2003) . The polyclonal antibodies against the autoinhibitory domain of the H + -ATPase of Vicia faba and a 14-3-3 protein fused to glutathione S-transferase were used as probes for the immunoblot and protein-blot analyses, respectively.
Isolation of guard cell RNA from epidermal strips
Epidermal strips were prepared from 10 g (FW) of mature leaves as described above. The strips were then subjected three times to ultrasonic treatment for 15 s (Ultrasonic disruptor UD-201, Tomy) in order to kill all cells other than guard cells. The strips obtained were inspected under a microscope to detect contamination by mesophyll and epidermal chloroplasts, and the strips were then stained with fluorescein diacetate to observe cell viability. Total RNA was extracted from the resultant epidermal strips, which contained neither mesophyll cells nor living epidermal cells, with cetyltrimethylammonium bromide (Kagawa et al. 2004 ). The gene-specific primers 5′-aaccaataggtgcctgcaac-3′ and 5′-ggattgctagcctcaacatc-3′, and 5′-cagagcctgtaaccacatct-3′ and 5′-aaagttgaactggcctccag-3′ were used for AcPHOT1 and AcPHOT2, respectively, for the RT-PCR analyses (Kagawa et al. 2004) .
